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Introduction 


The  combustion  of  composite  solid  rocket  propellants  takes  place  in  a  thin 
region  close  to  the  surface  of  the  propellant.  The  thickness  of  this  region  is 
dictated  by  the  necessity  to  transfer  heat  back  to  the  solid  at  a  rate  sufficient  to 
maintain  the  desired  rate  of  pyrolysis  at  the  surface.  This  in  turn  dictates  that 
the  scale  of  heterogeniety  (usually  set  by  oxidizer  particle  size)  be  small  enough 
for  fuel  and  oxidizer  vapors  to  mix  in  the  thin  region  near  the  surface.  In 
practice,  the  dimensional  scale  turns  out  to  be  of  order  100  fim,  a  scale 
encompassing  an  entire  flame  complex.  Experimental  observation  on  such  a 
dimensional  scale  is  virtually  impossible,  a  circumstance  that  has  led  to  a  rather 
speculative  quality  of  research  and  literature  on  combustion  mechanisms.  The 
situation  is  further  complicated  by  the  uncertain  relevance  of  flame  theory  when 
applied  to  such  small,  geometrically  and  chemically  complicated  flame 
complexes. 

A  strategy  to  alleviate  the  experimental  difficulties  of  observation  is  to 
study  combustion  of  geometrically  simple  systems  such  as  the  oxidizer-binder 
sandwich.  By  edge  burning  such  a  laminate  structure,  the  combustion  zone  is 
constrained  to  a  two-dimensional  steady  state  configuration,  hopefully  amenable 
to  more  meaningful  observation  and  theoretical  interpretation.  If  this  goal  is 
achieved,  then  at  least  some  aspects  of  the  propellant  problem  can  be  clarified. 
Unfortunately,  the  micro-combustion  zone  is  still  substantially  inaccessible  to 
experimental  observation,  even  in  the  geometrically  simple  systems,  so  the 
strategies  for  research  are  still  less  direct  than  would  be  desired,  and  results 
correspondingly  more  speculative.  One  exception  to  the  limitations  of  spatial 
resolution  in  measurements  is  the  quench-burning  experiments,  which  permit 
leisurely  study  of  the  surface  of  a  sample  under  high  magnification.  Such 


experiments  typically  interrupt  burning  very  abruptly  by  rapid  depressurization 
of  the  combustor.  While  some  artifacts  are  produced  by  the  quench  event,  the 
details  of  the  burning  surface  microstructure  are  largely  preserved  and  can  be 
used  in  combination  with  other  information  to  infer  combustion  zone  structure. 

The  quenched  sandwich  approach  has  been  used  by  many  investigators  (e.g., 
Powling,*  Hightower  and  Price, ^  Boggs,  et  al.,^  Netzer,  et  al.,'*’^  Nadaud/ 
Ermolaev,  et  al..°  It  has  become  evident  in  recent  work  ’  that  relevance  to 
propellant  combustion  requires  that  binder  laminae  in  sandwiches  be  very  thin  (to 
avoid  anomalous  effects  such  as  binder  melt  flow);  and  that  interpretation  of 
results  address  observations  near  enough  to  the  oxidizer-binder  interfaces  to 
correspond  to  situations  possible  at  propellant  surfaces.  In  hindsight,  these 
considerations  may  seem  obvious,  but  a  significant  amount  of  published  work  on 
sandwiches  of  propellant  ingredients  has  addressed  situations  that  were  only 
marginally  relevant  to  conventional  propellants.  The  present  studies,  involving 
sandwiches  of  ammonium  perchlorate  and  typical  hydrocarbon  binders,  used 
primarily  the  quench  burning  method,  on  sandwiches  with  binder  laminae  of  10  - 
100  ix m  thickness.  Earlier  tests^’9’10  had  shown  certain  critical  features  of 
quenched  thin  binder  sandwiches  of  interest  here,  as  follows: 

1.  The  larger  features  of  surface  profiles  are  shown  in  Fig.  1  (See  Ref.  9- 

11). 

2.  The  details  in  the  vicinity  of  the  binder  lamina  are  shown  in  Fig.  2. 
Part  a  shows  the  trend  with  binder  thickness.  Part  b  shows  the  trend  with 
pressure  (for  a  binder  thickness  of  50  -  70  Jim).  Part  c  shows  certain  features  of 
surface  quality  that  are  persistent  in  varying  degree  for  all  tested  conditions  on 
AP-hydrocarbon  binder  sandwiches  with  thin  binder  laminae,  described  further 
below  (See  Ref.  2-6,  9-16). 

3.  All  test  samples  from  tests  above  2  MPa  exhibit  regions  of  the  AP 


Cross-section  profiles  of  sandwich  burning  surfaces  (sketched  from  quenched  samples): 

a)  Low  pressure  (  ~  2  MPa);  b)  Intermediate  pressure  (  ~  5  MPa);  c)  High  pressure  (  ~  8  MPa);  d,  e,  f) 

Same  as  a,  b  and  c,  but  thin  binder  (  ~70  ^m). 


1  50  ;j,m 


70  iim 


40 


Fig.  2a  Profile  details,  5MPa,  different  binder  thicknesses: 

1.  Designates  binder  surface,  protrudes  with  thick  binder  laminae  (all  pressures). 

2.  Designates  AP  adjoining  binder,  protrudes  relative  to  rest  of  AP  surface,  relative  to  binder  with  thin 
binder  laminae.  Surface  is  smooth,  shows  binder  melt  flow  with  thick  binder. 

3.  Designates  outer  edge  of  smooth  band,  leading  edge  of  AP  profile  when  outer  profile  is  not  flat. 

4.  Designates  AP  surface  typical  of  AP  self-deflagration  (surface  pattern,  flaky  residue  of  reacting 


surface  ("distant"  from  the  binder  lamina)  with  the  characteristic  surface 
qualities  of  AP  self-deflagration,  including  flaky  residue  of  a  surface  melt  layer, 
and  larger  scale  surface  patterns  of  ridges  and  depressions  (e.g.,  Ref.  9-16). 

4.  All  thin-binder  test  samples  showed  (Fig.  2a, b)  the  binder  lamina  to 

be  recessed  relative  to  the  region  of  the  oxidizer  laminae  immediately  adjoining 
2-4  9-11 

the  binder  ’  (binder  lamina  thickness  less  than  70  fxm). 

5.  All  test  samples  showed  a  region  of  the  AP  lamina  centered  25  -  100 

/nm  out  from  the  binder  interface  plane  that  was  leading  the  edge  of  the  AP 

9-11 

surface  regression,  i.e.,  the  AP  closer  to  the  binder  protruded  (Fig.  2). 

6.  The  surface  of  the  AP  in  the  protruding  region  showed  a  distinctive, 

relatively  smooth  quality,  with  no  flake  relic  of  the  AP  melt  (Fig.  2c).  This 

smooth  band  adjoining  the  oxidizer- binder  interface  was  evident  even  with  a 

9-11 

binder  (polysulfide)  that  pyrolized  without  evidence  of  a  melt  state, 
suggesting  that  the  smooth  surface  was  not  due  to  the  melt  flows  commonly 
observed  in  thick-binder  sandwiches. V5,16 

Experimental  Work 

The  present  experimental  work  consisted  of  quenched-burning  experiments 
on  sandwiches  of  PBAN  and  HTPB  binder  laminae  between  AP  laminae,  and 
experiments  with  other  materials  substituted  for  the  binder  to  clarify  the 
mechanisms  of  binder  effects.  The  samples  were  edge  burned  at  various 
pressures.  Some  tests  used  binder  laminae  of  uniform  thickness  and  were 
quenched  by  depressurization  at  about  500  MPa/sec.  Other  tests  used  samples 
with  "tapered"  binder  thickness  ranging  from  150  fx m  at  the  ignition  edge  to  10 
/xm  at  the  opposite  edge.  The  tapered  sandwiches  were  burned  at  constant 
pressure  below  2.0  MPa.  They  quenched  spontaneously  at  a  binder  thickness 
characteristic  of  the  test  pressure.  The  preparation  of  samples  was  described  in 


Fig.  2b  Profile  details,  70  p.m  thick  binder,  different  pressures: 

1.  Designates  binder  surface,  recessed  relative  to  adjoining  AP. 

2.  Designates  AP  adjoining  binder,  protruding  relative  to  binder  and  adjoining  AP,  surface  relatively 
smooth. 

3.  Designates  leading  edge  of  the  AP  burning  front,  outer  boundary  of  the  smooth  band.  At  high 
pressures  this  is  the  inner  edge  of  a  flat  AP  surface. 

4.  Designates  AP  surface,  typical  of  AP  self-deflagration  (surface  pattern,  flaky  residue  of  reacting 
froth).  Below  2  MPa,  this  area  has  a  dry,  porous  appearance.  Above  2  MPa,  the  slope  of  this  surface 
indicates  sandwich  burning  rate  relative  to  AP  rate. 
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previous  reports^-^’^  and  will  not  be  repeated  except  for  situations  not 
previously  reported. 

In  general,  the  objective  of  tests  was  to  measure  anything  that  might 
reveal  something  about  combustion  zone  microstructure  and  controlling 
processes.  This  included  measurement  of  burning  rate,  deflagration  limit, 
structural  details  of  quenched  surfaces,  and  dependence  on  pressure,  binder 
lamina  thickness,  and  modification  of  the  nature  of  the  binder  lamina.  Details  of 
procedures  and  experiments  not  covered  in  earlier  reports  are  provided  below. 

Oxidizer  Laminae 

These  laminae  were  made  by  dry-pressing  AP  powder  in  a  wafer  die  at  210 

9  14 

MPa  for  a  minimum  of  20  minutes.  ’  Wafer  thickness  was  nominally  1.3  mm. 
Such  pressing  cannot  produce  a  totally  homogeneous  wafer;  the  particles  at  the 
surface  are  forced  to  conform  to  the  planar  surface  of  the  die,  while  those  in  the 
interior  are  forced  against  each  other.  Because  of  the  importance  placed  on 
behavior  of  the  sandwich  burning  surface  in  the  region  of  the  wafer  surface, 
possible  effects  of  this  feature  of  pressing  were  examined  by  two  modifications. 
Sandwiches  were  tested  using  AP  laminae  pressed  at  lower  pressures  (131,  61 
MPa).  Also,  AP  laminae  pressed  from  finer  AP  powder  (90  jum  compared  to  110 
/xm)  were  tested.  The  character  of  the  burning  surfaces  from  these  various 
quench  tests  were  not  visibly  different,  indicating  that  details  of  the 
polycrystaline  microstructure  of  the  AP  laminae  had  little  effect  on  sandwich 
burning  (examined  up  to  test  pressures  of  7  MPa).  This  is  consistent  with 
previous  observations  of  similarity  between  results  with  pressed  AP  sandwiches 
and  sandwiches  made  from  AP  laminae  cut  from  single  AP  crystals. 


i r 
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Preparation  of  Sandwiches  with  Substituted  Materials 
In  Place  of  the  Fuel  Lamina 

Preparation  of  conventional  and  tapered  sandwiches  is  described  in  Ref.  9- 
11,14.  In  the  present  work,  some  tests  were  run  on  sandwiches  with  the  binder 
lamina  omitted  or  replaced  by  mica  or  gold  laminae.  Since  the  binder  normally 
serves  as  a  bonding  agent  as  well  as  a  fuel,  its  elimination  poses  problems  with 
mechanical  integrity  of  the  sandwich  and  thermal  contact  between  layers. 
Samples  were  assembled  by  holding  the  laminae  together  with  a  metal  clip. 
Perfect  thermal  contact  could  not  be  assured  because  pressed  AP  laminae  are 
not  perfectly  flat,  and  dry  surfaces  may  be  a  few  microns  apart  over  some  of 
their  intended  contact  surfaces.  The  wide  separation  of  laminae  evident  in  some 
of  the  figures  (see  Results)  is  due  to  removal  of  the  metal  clip,  necessitated  for 
introduction  of  the  sample  into  the  scanning  electron  microscope. 


AP-Filled  Binder  Laminae 

Addition  of  fine  AP  powder  to  the  binder  lamina  provided  a  means  of 
modifying  the  spatial  distribution  of  reactants  and  the  stoichiometry  of  the 
binder,  and  also  provided  a  vehicle  for  study  of  the  combustion  of  fine  oxidizer 
particles  in  a  controlled  propellant-like  environment.  Sandwiches  were  made 
using  10  /im  AP  in  the  binder,  in  mass  ratios  of  1:1  and  7:3  AP  to  binder,  using 
both  PBAN  and  HTPB  binder.  A  nominal  lamina  thickness  of  85  jum  was  used, 
with  limited  investigation  of  other  thicknesses  with  PBAN  binder.  After  mixing 
of  the  AP  powder  in  the  uncured  binder,  preparation  of  sandwiches  was  similar  to 
that  without  AP.  Lamina  thicknesses  less  than  45  /xm  were  very  difficult  to 
make  because  of  viscosity  of  the  binder- A  P  mix  and  presence  of  some  clumps  of 
AP  larger  than  the  nominal  10  jum  size.  Table  1  summarizes  the  test  conditions 


ise 


Measurement  of  Binder  Lamina  Thickness 

Control  and  measurement  of  thickness  of  thin-binder  laminae  is  very 
difficult.  Nominal  thicknesses  were  assigned  on  the  basis  of  thickness  of  spacer 
shims  used  in  fabrication  of  samples.  In  burning  rate  tests,  one  edge  of  the 
sample  was  viewed  in  the  scanning  electron  microscope,  and  average  thickness 
was  determined  from  measurements  at  five  points.  In  spontaneous  quench  tests 
of  tapered  samples,  the  thickness  at  quench  was  determined  by  SEM  examination 
(a  minimum  of  five  points  were  measured  on  the  burned  surface).  Similar 
measurements  were  available  from  SEMs  of  flat  binder  samples  from  rapid 
depressurization  quench  tests,  but  only  average  values  are  reported. 

Surface  Profiles 

The  profile  of  the  burning  surface  is  referred  to  throughout  the  report. 
Efforts  were  made  to  section  samples,  or  replicas  of  samples,  to  get  direct  views 
of  profiles  for  measurement.  However,  the  pressed  AP  laminae  are  too  fragile 
and  structurally  disorganized  to  cut.  Preliminary  efforts  to  obtain  cut  sections 
of  plastic  replicas  showed  promise,  but  were  not  completed  due  to  lack  of  time. 
Currently,  work  is  in  progress  on  profile  measurements  of  quenched  surfaces 
using  an  optical  microscope  with  a  shallow  depth  of  field  lens  and  calibrated  lens 
and  sample  positioning  controls.  Quantitative  determination  of  profiles  was 
limited  to  measurements  of  lamina  thicknesses,  and  slope  of  the  quenched  AP 
surfaces  of  "V"-shaped  profiles  (for  use  in  burning  rate  calculations;  see  below). 
Other  details  of  profiles  in  the  report  are  described  in  qualitative  or  comparative 
terms,  based  on  observation  of  the  samples  in  optical  and  electron  microscopes 
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Burning  Rate 

It  is  not  particularly  easy  to  measure  burning  rate  of  thirvbinder 
sandwiches.  An  effort  was  made  to  do  so  using  break  wires  in  the  sandwich  (Fig. 
3).  The  original  objective  was  to  determine  the  effect  of  binder  lamina  thickness 
on  burning  rate,  in  the  30  to  300  M.m  thickness  range.  The  wires  were  30 
diameter  copper,  set  in  scribed  grooves  in  the  AP  lamina  and  bonded  in  place  by 
the  binder  lamina  material  and  its  curing  process.  The  wires  were  connected 
into  a  suitable  D.C.  source  and  current  measuring  circuit  that  indicated  the 
change  upon  burnout  of  each  wire.  Results  were  not  as  reproducible  as  would  be 
desired;  they  are  summarized  under  Results. 

A  second  strategy  for  estimating  burning  rate  involves  observation  of  the 
angle  of  the  "V-shaped  profile  that  results  when  the  interface  region  burns 
faster  than  the  AP  further  out  from  the  fuel  lamina  (Fig.  1  e).  This  method16  is 
applicable  at  intermediate  pressures,  above  the  AP  self-deflagration  limit.  Using 
the  known  burning  rate  of  AP,  and  assuming  that  the  AP  far  from  the  fuel  lamina 
burns  at  that  rate,  the  angle  0  of  the  "V"  indicates  the  rate  of  regression  of  the 
sandwich  profile 


rs  =  rAp/sin(8/2) 


The  angle  9  is  measured  from  quenched  samples  that  have  burned  long  enough  to 
establish  steady  state  profiles.  In  the  present  report,  only  qualitative 
(comparative)  determinations  of  burning  rate  were  made  by  this  method. 


Results 


Surface  Profiles  and  Burning  Surface 

The  present  work  has  involved  a  variety  of  tests  designed  to  identify  and 

clarify  the  dominant  processes  during  sandwich  burning.  In  most  cases,  the 

present  tests  were  motivated  by  some  preconception  of  controlling  processes, 

which  will  be  noted  later  and  compared  with  the  outcome  of  the  test.  In  all  tests 

except  those  noted  specifically  in  the  next  paragraph,  the  results  consistently 

confirmed  the  generalizations  1  -  6  noted  in  the  Introduction  and  based  on  earlier 

9-11 14 

work  on  thin-binder  sandwiches.  ’ 

One  specific  combination  of  tests  is  most  directly  applicable  to  the  issue  of 
surface  profiles  and  microstructure.  In  this  combination  of  tests,  the  binder 
lamina  was  replaced  by  mica,  by  gold,  and  by  simple  omission  of  the  binder 
lamina.  Typical  results  of  tests  at  4.2  MPa  are  shown  in  Fig.  4.  Part  a  is  from  a 
control  test  with  a  100  M-m  thick  lamina  of  PBAN.  Part  b  shows  the  details  of  the 
sandwich  surface  from  a  4.2  MPa  test  on  a  sandwich  with  a  mica  lamina  in  place 
of  the  binder.  The  detail  shown  is  typical  of  the  interface  region  in  these  tests. 
It  is  also  typical  of  the  self-deflagration  of  AP,  normally  exhibited  m  AP 
laminae  of  sandwiches  at  surface  sites  further  from  the  interface.  With  mica 
laminae  there  was  no  smooth  band  and  no  protrusion  of  AP  in  the  interface 
region.  Part  c  shows  the  quenched  surface  of  a  sample  consisting  simply  of  two 
AP  laminae  held  together  during  burning  by  a  metal  clip.  The  figure  shows  the 
characteristics  of  simple  AP  deflagration,  uninterrupted  up  to  the  interface 
plane.  Under  high  magnification  it  is  evident  that  the  surfaces  of  the  two  slabs 
were  together  during  burning;  surface  patterns  near  adjoining  edges  are 


correlated,  and  the  edges  show  matched  features  indicative  of  separation  of  a 
contiguous  liquid  surface  layer.  There  is  no  protrusion  of  the  AP  laminae  in  the 
interface  region.  Part  d  shows  the  quenched  surface  of  an  A P  sandwich  in  which 
the  binder  lamina  was  replaced  by  a  15  |xm  layer  of  gold.  Such  samples 
consistently  showed  retarded  burning  (protruding  AP)  in  the  vicinity  of  the  gold 
lamina,  and  a  relatively  smooth  surface  there.  This  behavior  was  not  as  uniform 
along  the  lamina  as  with  a  binder  lamina,  but  was  predominant.  The 
nonuniformity  may  be  due  to  the  difficulty  in  achieving  uniform  thermal  contact 
between  laminae.  It  is  stressed  here  that  the  "smooth  band"  phenomenon 
described  here  is  not  a  manifestation  of  the  binder  melt  flow  reported  in  many 
earlier  studies.  With  thin-binder  sandwiches,  melt  flow  is  minimal,  ’  and  the 
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smooth  band  is  present  even  with  a  non-melting  polysulfide  binder  and  with  the 
gold  lamina. 

Burning  Rate 

The  break-wire  method  was  used  to  conduct  a  series  of  tests  to  relate 
sandwich  burning  rate  to  pressure  and  binder  lamina  thickness  (PBAN  binder). 
The  experimental  results  are  summarized  in  Fig.  5  and  6.  The  scatter  of  data  is 
too  large  to  reveal  any  trend  of  burning  rate  with  binder  lamina  thickness  (the 
original  objective  of  the  tests;  see  Ref.  10,11).  Experimental  difficulties  limited 
the  yield  of  test  work  on  samples  with  binder  thickness  below  100  i^m,  the  most 
serious  problem  being  nonuniformity  of  binder  lamina  thickness.  Figure  6  shows 
the  dependence  of  burning  rate  (average  of  all  lamina  thickness)  on  pressure. 
The  broken  line  curve  is  the  AP  deflagration  rate,  from  Ref.  17.  The  binder 
lamina  does  not  appear  to  increase  sandwich  burning  rates  above  about  4.2  MPa. 
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Sandwich  burning  rate  and  AP  burning  rate  vs  pressure.  PBAN  binder,  thickness  100  -  300  u.m. 
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Deflagration  limits  for  tapered  binder  sandwiches  burned  at  constant  pressure  and  spontaneously 
quenching  at  the  indicated  binder  thickness: 
a)  PBAN  binder;  b)  PS  binder;  c)  HTPB  binder. 


In  the  present  studies  it  has  been  observed^”^’^  that  in  this  higher  pressure 
range,  quenched  sandwiches  such  as  those  represented  in  Fig.  5  and  6  (PBAN 
binder  laminae  of  thickness  >  100  M<m)  exhibit  flat  surface  profiles,  protruding  in 
the  immediate  vicinity  of  the  binder  when  tested  at  pressures  in  the  4.2  -  7.0 
MPa  range  (Fig.  lb,c).  Sandwiches  with  thinner  binder  showed  "V'-shaped  profiles 
(F  ig.  1  e). 

Low  Pressure  Deflagration  Limit 

Results  of  the  spontaneous  quench  tests  on  tapered  sandwiches  are 
summarized  in  Fig.  7  for  three  binder  materials.  Over  the  range  of  0.4  -  2.0 
MPa,  the  sandwiches  with  any  particular  binder  tended  to  quench  at  nearly  the 
same  binder  thickness.  Above  2.0  MPa,  samples  usually  burned  to  completion,  a 
result  that  is  consistent  with  the  fact  that  AP  self-deflagrates  above  2.0  MPa. 
At  pressures  below  0.4  MPa,  the  binder  thickness  for  self  quenching  became 
increasingly  pressure  dependent,  limited  testing  was  made  with  samples  with 
different  degrees  of  taper  of  the  binder  lamina  to  test  the  possibility  that  the 
quench  limit  might  be  dependent  on  details  of  the  approach  to  the  limit.  No 
statistically  significant  effect  was  evident.  The  different  binders  yielded 
significantly  different  quench  limits  in  the  0.4  -  2.0  MPa  range.  Figure  8  shows  a 
scanning  electron  microscope  picture  of  a  spontaneously  quenched  sample.  The 
general  features  are  similar  to  those  of  samples  with  binder  lamina  of  uniform 
thickness  quenched  by  rapid  depressurization  from  comparable  pressures.  The 
thickness  measurements  in  Fig.  7  were  obtained  from  similar  SEM  pictures  of 
suitable  magnification. 


Surfaces  of  samples  with  (a,b)  PBAN  binder  and  (c,d)HTPR  binder,  (a,c  )  without  AP  in  the  binder  and  (b,d) 
with  AP  in  the  binder.  Quenched  from  f>.9  MPa. 


AP-Filled  Binder  Laminae  Sandwiches 

Results  of  tests  are  summarized  in  Fig.  9  -  11.  Figure  9  shows  a  comparison 
of  quenched  sandwiches  with  pure  binder  and  with  1:1  AP-filled  binder.  From 
these  tests  (6.9  MPa)  there  is  an  obvious  difference  between  behavior  of 
sandwiches  with  and  without  AP  in  the  binder.  From  extensive  examination  of 
samples  with  1:1  laminae,  it  is  evident  that  the  region  of  protruding  AP  is  widened 
and  protrudes  less.  The  protruding  region  is  flat  on  top,  and  the  surface  quality 
is  smooth.  The  binder  lamina  is  recessed  and  the  surface  of  that  lamina  shows 
undulations  of  the  same  dimensional  scale  as  the  AP  filler.  However,  no 
distinguishable  AP  particle  surface  is  evident  there.  The  details  conform 
qualitatively  to  the  general  features  1  -  6  noted  in  the  Introduction,  but  differ 
unambiguously  from  those  of  sandwiches  with  pure  binder  laminae  in  the  details 
noted  above.  The  differences  become  less  evident  at  lower  pressures.  The 
difference  between  the  results  with  the  two  binders  is  evident  in  Fig.  9  and 
similar  with  either  filled  or  unfilled  laminae. 

Use  of  a  higher  mass  ratio  of  AP  to  binder  in  the  "binder"  lamina  (7:3) 
produced  more  conspicuous  results.  At  6.9  MPa,  the  filled  lamina  caused  an 
overall  sandwich  burning  rate  that  was  higher  than  the  AP  rate,  leading  to  a  "V"- 
shaped  surface  profile  (F  ig.  10).  The  extent  of  this  effect  was  dependent  on  the 
thickness  of  the  lamina.  The  details  of  the  profile  in  the  vicinity  of  the  interface 
plane  were  examined  in  the  SEM  and  found  to  be  still  in  agreement  with  the  six 
general  characteristics  listed  in  the  Introduction.  Specifically  (Fig.  9,  10),  there 
was  a  slight  retardation  of  the  AP  regression  (protrusion)  immediately  adjacent 


Effect  of  lamina  thickness  on  quenched  surface  with  AP-filled  PRAN  binder  laminae  (SEMs).  AP:binder 
ratio  7:3,  6.9  MPa. 
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to  the  lamina  interface  plane,  with  a  small  smooth  band.  The  binder  was 
recessed,  and  the  leading  edge  of  the  AP  front  was  at  the  outer  edge  of  the 
smooth  band.  The  retarded  AP  and  smooth  band  were  less  conspicuous  than  with 
pure  binder  laminae.  The  most  conspicuous  feature  was  the  dependence  of 
profile  on  thickness  of  the  filled  binder  lamina.  At  45  the  profile  was  very 
similar  to  those  with  1:1  AP-binder,  while  the  "V”  profile  increasingly  steepened 
as  lamina  thickness  was  increased  (Fig.  11). 

Discussion 

There  are  some  features  of  combustion  of  AP-hydrocarbon  binder  systems 
that  are  generally  accepted,  at  least  in  qualitative  terms.  These  are  noted  below 
as  a  basis  for  interpretation  of  the  present  results. 

1.  Ammonium  perchlorate  self-deflagrates  at  pressures  above  about  2 

MPa.  This  pressure  is  sensitive  to  ambient  temperature,  partly  because  of  the 
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rather  modest  flame  temperature.  ’  ’  ’ 

2.  Self-deflagration  of  AP  proceeds  by  a  combination  of  a  complex 

reaction  in  a  surface  liquid  or  froth,  along  with  a  gas  phase  flame.  Heat  release 
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occurs  in  varying  degree  in  both  sites.  ’  ’  ’  ’  ’ 

3.  Heat  release  in  reactions  between  AP  and  hydrocarbon  binders  occurs 
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primarily  in  the  gas  phase.  ’  ’  ’  ’  (Contrary  views  can  be  found  in  earl> 
literature.) 

4.  Burning  rates  of  the  composite  systems  are  dependent  on  the 
structural  details  of  the  systems.  This  is  generally  attributed  to  the  effect  of 
propellant  microstructure  on  location  of  gas  phase  reaction  sites  (flames)  (e.g., 
Ref.  22). 


5.  The  gas  phase  flames  consist  of  a  leading  edge  portion  involving 

vapors  that  have  already  mixed,  and  a  trailing  portion  governed  by  continued 

diffusion  of  oxidizer  and  binder  vapors.  The  leading  edge  portion  is  described  as 

having  the  properties  of  a  kinetically  limited  pre-mixed  flame,  and  the  trailing 
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portion  has  the  properties  of  a  diffusion-limited  flame.  ’  ’  Details  and 

relative  importance  of  the  two  portions  of  the  flame  are  matters  of  speculation. 

Profiles  and  Substitutions  for  Binder  Laminae 

The  details  of  the  quenched  burned  surfaces  of  sandwiches  presumably 
reflect  the  consequences  of  flame  and  surface  reactions  and  associated  heat  flow 
in  the  gas  and  solid.  In  looking  at  these  details,  the  protrusion  of  the  AP  in  the 
vicinity  of  the  oxidizer-binder  interface  planes  seems  to  require  that  the  surface 
in  that  region  be  at  lower  temperature  than  on  the  immediately  adjoining  AP 
surface.  The  smooth  character  of  the  surface  suggests  that  the  exothermic 
reacting  froth  is  absent.  One  may  argue  that  the  lower  temperature  caused  the 
surface  vaporization  to  shift  to  a  dissociative  sublimation  process. 
Alternatively,  one  may  argue  that  some  unknown  process  intervened  in  the  froth 
reaction,  or  that  the  smooth  surface  is  an  artifact  of  the  quench  event.  The 
most  likely  interpretation  seemed  to  be  that  there  was  a  net  lateral  heat  flow 
from  the  exothermic  AP  lamina  to  the  endothermic  fuel  lamina,  limited  to  a 
region  of  the  order  of  the  thermal  wave  thickness  in  the  solid  induced  by  the 
combustion  wave.  Such  a  heat  drain  effect,  suggested  by  various  authors  (e.g., 
Ref.  26,27),  would  locally  reduce  the  oxidizer  surface  temperature  and  reaction 
rate,  the  effect  being  augmented  by  a  corresponding  shift  of  oxidizer  heat 
release  from  the  surface  froth  site  to  the  flame  site  or  beyond.  The  width  of  the 


region  of  protruding  AP  and  smooth  band  is  of  the  same  order  as  the  thermal 
wave  thickness,  consistent  with  this  interpretation.  The  tests  with  mica  laminae 
(Fig.  4b)  were  made  to  test  the  postulate  that,  in  the  absence  of  heat  flow  from 
the  oxidizer  lamina  to  the  endothermic  lamina,  the  AP  would  regress  normally, 
i.e.,  without  retardation  or  modification  of  surface  processes.  Mica  was  chosen 
as  a  binder  substitute  because  of  its  low  thermal  conductivity,  and  availability  in 
thin  sheets  with  flat  surfaces.  The  test  unequivocally  conformed  to  the 
postulate;  the  AP  surface  was  flat  up  to  the  interface  plane  with  the  mica,  and 
the  surface  patterns  and  relic  of  froth  typical  of  AP  self-deflagration  extended 
all  the  way  to  the  interface. 

The  foregoing  interpretation  left  open  the  possibility  that  some  other 
(unknown)  effect  of  binder  was  responsible  for  "anomalies"  in  the  AP  deflagration 
near  the  interface  (e.g.,  the  binder  melt  flow  effects  evident  with  thick  binder 
sandwiches).  To  further  test  the  postulate  that  lateral  heat  drain  from  oxidizer 
to  binder  was  the  cause,  the  heat  conducting  gold  laminae  were  used.  These 
tests  showed  that  retarded  AP  regression  and  smooth  bands  occurred  with  a  heat¬ 
absorbing  lamina  in  complete  absence  of  binder  (Fig.  4d)  ,  indicating  that  lateral 
heat  drain  is  the  primary  cause.  The  local  transition  of  AP  surface  vaporization 
to  a  less  exothermic  mode  probably  enhances  the  retardation  of  the  surface 
regression.  The  tests  with  two  AP  laminae  in  direct  contact  (Fig.  4c)  were  made 
to  assure  that  the  absence  of  a  "wetted"  surface  did  not  play  some  unanticipated 
role  in  the  results.  As  noted  earlier,  the  two  laminae  of  AP,  held  together  in  the 
same  manner  as  the  "mica  sandwiches"  and  "gold  sandwiches",  burned  as  if  they 
were  a  single  lamina.  Collectively,  the  results  make  a  strong  case  for  the  lateral 
heat  drain  as  the  cause  of  profile  and  surface  details  near  the  interface  plane, 
with  shift  in  surface  decomposition  of  the  AP  (to  dissociative  sublimation) 
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playing  a  role.  Given  the  consistently  recessed  state  of  the  binder  lamina,  this 

seems  to  require  that  the  binder  surface  be  cooler  than  the  oxidizer  surface. 
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This  conclusion  is  at  odds  with  the  limited  data  available  on  high  temperature 
binder  pyrolysis  (e.g.,  Ref.  28),  and  is  being  examined  more  carefully  through 
heat  transfer  computations. 

The  Gas  Phase  Combustion  Zone 

While  observation  of  details  of  the  gas  phase  flame  have  not  been  made 
directly,  a  reasonable  description  can  be  constructed  from  basic  concepts  of 
flames.  Consider  for  example  the  problem  of  combustion  down  a  single  contact 
interface  between  a  fuel  slab  and  an  oxidizer  slab  (Fig.  12).  The  vapors  fiow 
away  from  the  surfaces  of  the  slabs,  diffusing  into  each  other  to  form  a  mixing 
fan  and  stoichiometric  surface  starting  at  the  sample  surface,  along  the 
interface  plane.  On  the  dimensional  scale  of  interest,  the  diffusion  is  likely  to  be 
molecular,  forming  a  nonuniform  (two-dimensional)  "pre-mixed"  region  of 
oxidizer  and  fuel  vapors.  At  some  point  in  this  mixing  region  conditions  may 
become  favorable  for  establishment  of  a  pre-mixed  flame.  Reaction  kinetics  will 
presumably  dominate  the  standoff  distance  of  this  flame;  the  stoichiometric 
surface  is  the  most  favorable  site  for  the  leading  edge  of  the  flame  because  of 
higher  temperatures  possible  there.  The  flame  will  trail  laterally  into  the 
nonstoichiometric  part  of  the  mixing  region  in  a  manner  limited  by  concentration 
and  temperature  profiles.  On  the  scale  of  interest  here  (of  order  10  -  100  /4m),  it 
is  uncertain  whether  a  stable  thin  flame  sheet  is  an  accurate  detailed 
description,  although  flames  of  this  type  have  been  observed  in  stratified 


Fig.  12  Model  of  burning  down  the  interface  between  an  oxidizer  and  a  fuel  slab. 


Fig.  13  Principal  features  of  combustion  zone  microstructure  suggested  by  experimental  results. 

1.  Binder  lamina:  recessed  relative  to  adjoining  oxidizer. 

2.  Interface  plane  between  oxidizer  and  binder. 

3.  Oxidizer,  protruding  relative  to  binder  and  adjoining  oxidizer.  Surface  is  characteristically  smooth. 

4.  Oxidizer,  leading  edge  of  the  oxidizer  profile.  Surface  exhibits  frothy  character  attributed  to 
exothermally  decomposing  "melt". 

5.  Oxidizer,  region  that  regresses  at  normal  self-deflagration  rate  (details  depend  on  relative  rate  of 
oxidizer,  sandwich).  Surface  exhibits  same  characteristics  as  pure  oxidizer  deflagration. 

6.  Oxidizer  flame,  typical  of  oxidizer  self-deflagration. 

7.  Oxidizer  flame,  supported  by  heat  from  secondary  flame. 

8.  Oxidizer  flame,  attenuated  or  quenched  by  subsurface  heat  loss  to  endothermic  binder. 

9.  Stoichiometric  surface  in  oxidizer-binder  diffusion  fan. 

10.  Phalanx  flame:  fuel-rich  branch,  extends  out  to  a  "flammability"  limit. 

11.  Phalanx  flame:  oxidizer-rich  branch,  extends  out  to  a  flammability  limit. 

12.  Diffusion-limited  reaction  zone,  height  depends  on  lamina  thickness. 

13.  Closure  of  stoichiometric  surfaces  and  associated  pair  of  diffusion  flames  (flame  tip). 
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mixtures  of  methane  and  air  at  atmospheric  pressure.  Kinetically-limited 

reaction  regions,  of  somewhat  more  diffuse  nature,  are  postulated  in  various 
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models  of  combustion  of  heterogeneous  systems.  *  ’  The  representation 

as  a  flame  sheet  here  is  primarily  for  convenience  in  distinguishing  it  from  other 
reaction  regions.  In  most  situations  the  kinetically-limited  flame  is  the  leading 
edge  for  a  diffusion-limited  flame  region,  and  will  be  referred  to  here  as  the 
"kinetically-limited  leading  edge  flame,"  or  "KLLEF". 

in  Fig.  12,  the  region  immediately  behind  the  KLLEF  is  hot,  and  reaction 
proceeds  as  rapidly  as  diffusion  mixes  the  flows  on  either  side  of  the 
stoichiometric  surface.  Further  out,  this  diffusion  limited  region  approximates  a 
classical  diffusion  flame,  with  oxidizer  and  binder  vapors  that  have  come  directly 
from  the  surface  without  going  through  the  KLLEF. 
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In  Fig.  13,  the  details  of  surface  and  AP  flame  behavior,  ’  ’  ’  ’  and  AP- 
binder  two-slab  flame  behavior  (Fig.  2  and  12)  are  combined  to  show  the  general 
features  of  the  sandwich  combustion  zone.  Features  are  noted  by  the  numbers, 
and  explanations  in  the  figure  legend.  Depending  on  the  thickness  of  the  binder 
lamina,  the  sandwich  burns  as  two  relatively  independent  (two-slab)  combustion 
zones,  or  as  interacting  combustion  zones  when  binder  is  thin.  From  the 
standpoint  of  burning  rate,  there  is  a  leading  portion  of  each  two-slab  combustion 
zone  (including  the  KLLEF)  that  dominates  the  burning  rate,^’^’^  and  more 
remote  portions  that  supply  minimal  heat  to  the  leading  edge  of  the  burning 
front.  The  leading  portion  has  been  called  the  "propagation  velocity  controlling" 
(PVC)  region,  ’  and  is  probably  dominant  in  controlling  not  only  propagation 
velocity,  but  other  combustion  behavior  as  well  (e.g.,  combustion  stability).  The 
interaction  of  the  two  combustion  zones  in  a  burning  sandwich  is  probably  not 
important  unless  the  binder  is  thin  enough  for  the  PVCs  to  interact  (exact 


thickness  depending  on  definition  of  what  is  important,  and  on  size  of  the  PVC 
and  its  dependence  on  pressure).  This  concept  of  interaction  is  illustrated  in  Fig. 
14,  and  will  be  pursued  further  later  in  the  context  of  specific  experimental 
results. 

Deflagration  Limits 

The  qualitative  model  of  the  combustion  zone  provides  a  framework  in 
which  to  interpret  the  deflagration  limits  reported  in  Fig.  7.  Consider  first  the 
trend  of  results  at  low  pressure.  With  a  thin-binder  lamina,  the  interaction  of 
the  PVCs  is  extensive.  In  particular,  the  diffusion  fans  from  the  two  oxidizer- 
binder  interfaces  merge,  and  the  two  stoichiometric  surfaces  close  in  a  "tip" 
(Fig.  13)  over  the  binder  relatively  near  the  sample  surface.  Under  these 
conditions,  the  KLLEFs  may  not  occur  in  the  mixing  fans,  especially  at  low 
pressure.  In  a  specific  deflagration  limit  test  (constant  pressure,  tapered  binder 
lamina),  the  flame  situation  would  progress  as  in  Fig.  15,  with  the  stoichiometric 
tip  retracting  until  it  is  below  the  normal  KLLEF  position  for  that  pressure.  The 
region  above  the  stoichiometric  tip  is  oxidizer  rich,  and  increasingly  so  with 
distance  from  the  sample  surface.  Thus  the  flame  temperature  and  its  trend 
with  distance  are  unfavorable  for  a  stable  KLLEF  immediately  above  the 
stoichiometric  tip.  It  is  postulated  that  retraction  of  the  stoichiometric  tip 
below  the  normal  KLLEF  position  leads  to  quench,  and  that  this  is  what  happens 
at  low  pressure  when  the  limiting  binder  thickness  is  approached. 

Following  the  above  postulate,  the  pressure  dependence  of  the  deflagration 
limit  can  be  examined  by  examining  the  trend  of  KLLEF  standoff  and 


Fig.  14  Effect  of  reducing  fuel  lamina  thickness  (showing  onset  of  PVC  region  interaction):  a)  intermediate 
thickness;  b)  thin  binder;  c)  very  thin  binder. 


Fig.  15  Stoichiometric  tip  retraction  due  to  decreasing  binder  thickness. 
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and  stoichiometric  tip  height  with  increasing  pressure.  Looking  first  at  the 
pressure  dependence  of  the  stoichiometric  tip  height,  an  estimate  can  be  made 
on  the  basis  of  classical  models  of  diffusion  flame  height  (e.g.,  Ref.  33).  Such 
models,  which  are  based  on  diffusion  rates,  yield  a  nondimensional  height  of  the 
stoichiometric  tip, 

T|  t  =  k  zt  D/v  =  k  zt  pD/p  v 

where  k  depends  on  the  geometrical  arrangement,  is  the  actual  height,  D  is  a 
diffusion  coefficient,  and  v  is  the  convective  flow  velocity.  In  such  analyses  it  is 
usually  satisfactory  to  assume  that  the  product  P  D  is  independent  of  pressure. 
The  pressure  dependence  of  P  v  can  be  estimated  from  the  pressure  dependence 
of  the  burning  rate,  usually  approximated  by  the  relation 


m/p  p3  r  =  Cp  =  pv/p 


where  pp  is  the  density  of  the  solid.  Combining  these  relations,  the  pressure 
dependence  of  the  stoichiometric  tip  height  is 


zt  «pv«p 


Typical  values  of  n  are  between  0.2  and  0.5  for  AP  composite  propellants,  and 
the  value  for  the  tests  in  Fig.  6  is  roughly  0.55.  Thus  the  height  of  the 
stoichiometric  tip  decreases  with  decreasing  pressure. 

The  dependence  of  the  standoff  distance  of  the  KLLEF  on  pressure  can  be 
estimated  from  thermal  flame  theory  (e.g.,  Ref.  34).  For  the  present  values  of 
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surface  and  flame  temperatures,  an  adequate  approximation  is  provided  by 

«  1/m  =  1/p  ^r 
-n 

zf  *  P 

This  means  that  the  flame  standoff  distance  increases  with  decreasing  pressure, 
while  the  stoichiometric  tip  height  is  decreasing.  Thus  it  is  plausible  that  there 
would  be  a  critical  lower  pressure  limit  for  existence  of  the  KLLEF,  and  that  the 
pressure-dependent  part  of  the  binder  thickness  limit  curves  in  Fig.  7  reflects 
such  a  limiting  mechanism.  The  chemistry  and  the  geometry  of  the  situation 
preclude  quantitative  analytical  determination  of  such  a  limit  at  present,  but  the 
experimental  results  and  the  qualitative  interpretation  help  in  description  of  the 
flame  structure.  In  practice,  the  pressure  dependence  of  the  flame  standoff  is 
probably  much  greater  than  that  indicated  by  the  above  argument,  because  the 
pressure  exponent,  n,  reflects  effects  of  the  diffusion  controlled  part  of  the 
flame  as  well  as  the  more  pressure-dependent  kinetically  limited  part  of  the 
flame,  while  the  diffusion  flame  probably  exerts  very  little  influence  near  the 
quench  limit. 

The  change  in  the  deflagration  limit  curves  to  relatively  low  pressure 
dependence  above  0.4  MPa  indicates  emergence  of  different  controlling  factors. 
To  examine  this,  it  helps  to  recall  the  physical  situation  prevailing  during 
sandwich  burning  at  low  pressure.  During  the  constant  pressure  burning  of  a 
tapered  sandwich,  the  burning  front  proceeds  down  a  "slot"  between  two  walls  of 
AP  (Fig.  la,  Id).  Lateral  heat  flow  into  the  AP  walls  is  a  drain  on  the  heat 
balance,  in  the  sense  that  such  heat  is  not  returned  to  the  flame  or  PVC  region. 
As  the  binder  lamina  becomes  thinner,  first  the  outer  flame,  and  then  the  flame 
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in  the  PVC  region  shrinks  due  to  limited  fuel  supply.  In  effect,  the  heat  supply 
decreases,  and  the  lateral  heat  drain  becomes  disproportionately  large.  The 
result  is  decreasing  flame  temperature,  which  must  ultimately  bring  reaction 
kinetics  into  dominance  and  lead  to  quenching.  The  experimental  results  indicate 
that  above  0.4  MPa  this  approach  to  quench  is  dominated  by  individually  or 
collectively  pressure  insensitive  processes.  Extrapolation  of  the  low  pressure 
results  (dotted  line,  Fig.  16)  suggests  that  the  stoichiometric  tip  does  not  retract 
below  the  normal  position  for  the  KLLEF  in  the  >  0.4  MPa  range;  however,  the 
KLLEFs  eventually  "feel  the  heat  drain",  and  move  out  due  to  cooling  as  the 
quench  event  develops,  and  the  conditions  ultimately  responsible  for  quench  may 
include  shift  of  the  KLLEFs  beyond  the  stoichiometric  tip.  Lacking  a  more 
rigorous  description  of  the  combustion  zone,  it  may  not  be  possible  to  explain 
why  the  trend  in  the  0.4  -  2.0  MPa  range  is  so  nearly  pressure  independent.  The 
major  role  of  thermal  and  molecular  diffusion  (in  determining  heat  balance  and 
the  flame  downstream  of  the  KLLEFs)  no  doubt  plays  a  role. 

A  further  feature  of  the  results  of  deflagration  limit  measurements  was  the 
dependence  of  the  limiting  binder  thickness  on  the  kind  of  binder.  The  possibility 
that  the  limit  values  were  dependent  on  stoichiometric  flame  temperature  was 
considered,  but  the  limits  do  not  exhibit  the  inverse  dependence  on  flame 
temperature  one  would  expect.  Other  properties  of  the  binder  of  possible 
importance  are  thermal  conductivity,  heat  capacity,  pyrolysis  kinetics,  tendency 
to  form  a  melt  on  the  surface,  diffusion  coefficients  of  pyrolysis  products,  and 
chemical  kinetics  of  binder-oxidizer  vapor  reactions.  However,  there  is  not 
sufficient  information  on  most  of  these  properties  to  make  any  convincing 
interpretation. 


Burning  Rate  and  Combustion  Zone  Microstructure 

Burning  rates  of  composite  propellants  are  normally  dependent  on  particle 
size  of  ingredients,  and  one  might  expect  to  find  conditions  under  which  the 
burning  rates  of  sandwiches  are  dependent  on  lamina  thickness.^*^’^  Assuming 
the  "PVC"  region  concept  is  valid,  the  dimensions  of  the  PVC  region  could  be 
estimated  from  experimental  determination  of  the  range  of  binder  thickness  over 
which  sandwich  burning  rate  is  sensitive  to  thickness.  In  addition,  the  specific 
effects  of  binder  thickness  presumably  would  provide  clues  to  details  of  the 
flame  structure  in  the  PVC.  In  the  present  studies,  the  experimental  results 
consisted  of  the  direct  measurement  of  burning  rate  (Fig.  5  and  6),  and 
observations  of  the  angles  of  the  surface  of  samples  with  "V"-shaped  profiles.  As 
noted  in  Fig.  5,  the  direct  measurements  of  burning  rate  did  not  show  any 
dependence  of  rate  on  thickness  in  the  thickness  range  100  -  300  p-m.  The  scatter 
in  data  and  limitation  in  thicknesses  to  the  100  M-m-plus  range  leaves  the  issue  of 
rate  dependence  on  thickness  unresolved.  However,  a  review  of  conditions  for 
"V"  surface  profiles  (in  the  2-7  MPa  pressure  range)  indicates  that  burning  rate 
is  higher  in  the  50  -  100  i^m  range  of  binder  thickness.  This  is  elaborated  below  in 
the  context  of  the  general  trend  of  sandwich  burning  rate  vs.  pressure. 

If  one  compares  (Fig.  6)  the  measured  sandwich  burning  rate  with  AP  self¬ 
deflagration  rate  reported  elsewhere, it  is  seen  that  the  AP  rate  increases 
more  rapidly  with  pressure  than  does  the  sandwich  rate,  with  the  two  curves 
crossing  at  about  4.2  MPa.  With  such  sandwiches  (binder  lamina  100  -  300 
thick),  the  quench  profiles  are  typically  flat  with  protruding  binder  lamina  at 
pressures  above  4.2  MPa  (Fig.  3b).  However,  a  reexamination  was  made  of 


quench  tests  on  sandwiches  with  thin  binder  (50  -  100  p  m),  and  it  was  found  that 
"V"-shaped  profiles  were  obtained  consistently  up  to  as  high  as  6.9  MPa.  This 
result  indicates  that  the  sandwich  burning  rate  with  thin-binder  sandwiches  is 
higher  than  either  the  AP  rate  or  thick-binder  sandwich  rate  in  the  3.2  -  6.9  MPa 
pressure  range  (AP  rate  and  thick  binder  sandwich  rates  are  the  same  in  this 
pressure  range,  being  dominated  by  the  AP  rate).  There  is  no  obvious  reason  to 
expect  this  trend  with  binder  thickness  to  disappear  at  lower  pressure,  so  it 
seems  likely  that  direct  measurement  of  burning  rate  done  at  lower  pressure 
would  have  revealed  an  increase  in  rate  with  decreasing  binder  lamina  thickness 
below  100  pm  (Fig.  5),  if  measurements  could  be  made  on  thin-binder  sandwiches. 

The  struggle  to  test  for  increased  burning  rate  at  low  binder  thickness  was 
motivated  by  a  qualitative  mechanistic  argument  that  was  first  stimulated  by 
interpretation  of  the  spontaneous  quench  limit  data.  This  argument  was 
introduced  earlier  in  the  context  of  Fig.  14.  With  thick  binder  laminae,  the  PVC 
flames  above  each  interface  plane  lose  heat  by  lateral  conduction  to  both 
oxidizer  and  binder  that  does  not  contribute  to  the  PVC  flames  (i.e.,  doesn't  go 
through  the  PVC  flame).  This  heat  is  lost  to  the  PVC  flame,  with  a 
corresponding  decrease  in  possible  burning  rate.  As  the  thickness  of  the  binder 
lamina  is  reduced,  the  heat  lost  to  the  binder  that  flows  away  between  the  two 
PVC  flame  regions  is  decreased,  simply  because  the  PVC  regions  begin  to  merge. 
A  corresponding  increase  in  burning  rate  would  be  expected,  provided  other 
compensating  effects  are  secondary.  It  was  this  increase  in  burning  rate  that 
was  sought  in  the  burning  rate  tests.  The  binder  thickness  at  which  it  occurred 
would  be  a  qualitative  indication  of  the  width  of  the  fuel-rich  portion  of  the  PVC 
region  of  the  sandwich  flame.  The  results  indicate  that  this  width  is  of  order  70 
M-m.  According  to  this  interpretation,  only  the  PVC  flame  remains  at  this  binder 


width,  and  further  reduction  of  thickness  leads  to  the  approach  to  the 
deflagration  limit  (noted  earlier)  due  to  fuel  starvation  of  the  PVC  flame.  The 
overall  postulated  trend  of  burning  rate  is  shown  in  Fig.  17.  The  present  results 
are  supportive  of  the  postulated  trend,  but  the  available  measurements 
demonstrate  that  trend  only  qualitatively  in  the  mid-pressure  range,  and 
apparently  do  not  encompass  the  relevant  thickness  range  at  low  pressure.  More 
extensive  tests  and  improved  methods  may  provide  enough  data  to  permit  a  more 
detailed  interpretation  (e.g.,  width  of  the  fuel-rich  region  of  the  PVC  vs 
pressure,  etc). 

AP-Filled  Binder  Laminae  and  Combustion  Zone  Microstructure 

The  tests  on  sandwiches  with  AP-filled  binder  laminae  were  largely 
exploratory,  and  detailed  interpretation  is  probably  premature.  However,  some 
general  comments  seem  warranted  and  are  made  below  primarily  relative  to  the 
6.9  MPa  tests. 

The  results  with  1:1  AP:binder  ratio  indicate  that  the  fine  AP  particles  did 
not  establish  their  own  individual  AP,  or  A  P-1  tder  flames.  This  interpretation  is 
based  on  the  persistence  of  protrusion  of,  and  smooth  band  on  the  adjoining  AP, 
which  in  the  present  work  have  been  interpreted  as  consequences  of  lateral  heat 
drain  from  the  thermal  wave  of  the  AP  laminae  into  the  endothermic  binder. 
The  increased  width  of  the  protruding  region  apparently  reflects  the  higher 
thermal  diffusivity  of  the  fuel  lamina  with  AP  addition.  Indeed,  one  might 
conclude  that  each  AP  particle  vaporized  endothermally  just  as  a  smooth  band  on 
the  AP  laminae  is  postulated  to  do,  with  the  heat  release  being  delayed  until 
suitable  conditions  are  reached  in  the  larger  mixing  zone  of  the  sandwich. 


The  same  situation  apparently  prevailed  also  with  the  7:3  AP:binder  ratio 
when  the  lamina  was  thin.  With  a  thicker  lamina,  the  relatively  smaller  heat 
drain  to  the  AP  laminae  from  the  gas  phase  flame  part  of  the  PVC  region,  and 
the  larger  volume  of  pre-mixed  gas  resulting  from  the  AP  in  the  binder  allowed 
the  flame  to  move  in  closer  and  enhance  the  overall  burning  rate.  The 
persistence  of  smooth  band  and  slight  AP  protrusion  at  the  interface  planes  (Fig. 
18)  indicates  that  the  flame  still  has  not  moved  in  near  the  filled  binder  lamina. 
The  flame  enhances  the  AP  regression  by  heating  a  region  of  the  AP  surface 
somewhat  removed  from  the  interface  (at  the  leading  edge  of  the  AP  profile), 
while  the  heating  closer  to  the  interface  is  still  not  sufficient  to  compensate  for 
the  lateral  heat  drain  to  the  fuel  lamina.  Presumably  this  situation  would  change 
with  further  increase  in  AP  content  in  the  fuel  lamina.  In  a  less  fuel-rich  lamina, 
the  fuel  dilution  of  the  mixing  fans  from  the  individual  oxidizer  particles  may  be 
reduced  enough  for  particles  to  acquire  "their  own"  kinetically  limited  flamelets. 
Under  those  conditions,  the  main  lamina  flames  may  be  less  dominant,  the 
heating  of  the  interface  AP  by  particle  flames  may  permit  normal  AP 
deflagration  and  eliminate  the  protrusion  at  the  interface.  In  effect,  the  filled 
lamina  would  burn  at  its  own  high  rate,  and  pilot  the  burning  of  a  truly  "V"- 
shaped  sample.  However,  it  is  important  to  note  that  this  situation  would 
correspond  to  a  rather  unusual  propellant  in  which  most  of  the  AP  was  fine;  high 
solids  propellants  would  not  normally  have  such  high  content  of  fine  AP  in  the 
fuel  volume. 


Conclusion 


The  combined  results  have  been  interpreted  in  terms  of  a  combustion  zone 


microstructure  depicted  in  Fig.  13,  which  is  applicable  for  thin-binder  sandwiches 
burning  at  rocket  motor  pressures.  The  region  of  the  flame  near  the  burning 
surface  (PVC  region)  involves  a  complex  of  interactive  flames: 

1.  AP  flame,  including  surface  froth  reactions  and  gas  phase  flame. 

2.  Kinetically  limited  pre-mixed  flames  between  binder  and  AP  vapors 

in  the  mixing  fans. 

3.  Trailing  diffusion-limited  flames. 

The  heat  flows  in  the  solid  and  gas  are  decidedly  t  vo-dimensional  on  the 
scale  of  the  relevant  microstructure  (Fig.  18).  There  tends  to  be  a  lateral  heat 
drain  in  the  solid,  from  the  exothermic  oxidizer  to  the  endothermic  fuel,  with  a 
resulting  modification  of  the  local  oxidizer  pyrolysis.  The  heat  supply  to  the 
oxidizer  surface  is  a  maximum  at  some  point,  removed  from  the  oxidizer-fuel 
interface  plane,  where  there  occurs  a  maximum  excess  of  combined  heat  flow 
from  the  oxidizer-fuel  flame  and  self-deflagration  reactions  over  the  heat  drain 
through  the  solid  to  the  fuel  lamina.  The  dimensions  of  the  regions  involved  are 
of  the  same  order  as  the  lateral  dimensions  of  oxidizer  particles  in  propellants, 
implying  that  the  same  non-one-dimensional  considerations  are  important  to 
propellants  as  well  as  sandwiches. 

The  results  further  indicate  a  singular  transition  in  flame  structure  at  low 
pressures  or  with  small  microstructural  dimensions,  associated  with  a  concept 
called  "stoichiometric  tip  withdrawal".  In  sandwich  burning  tests  this  led  to  a 
quench  limit.  A  similar  behavior  in  propellants  is  predicted  to  have  conspicuous 
effect  on  dependence  of  burning  rate  on  pressure,  and  on  dependence  of  burning 
rate  on  oxidizer  particle  size. 

The  qualitative  model  provides  a  basis  for  design  of  future  experiments  and 
analyses  concerning  all  aspects  of  combustion  of  AP-hydrocarbon  binder 
propellants. 
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